Introduction
Allogeneic stem cell transplant (allo-SCT) has the potential to provide curative therapy for patients with high-risk acute leukemia, lymphoid malignancies, and other malignant diseases (1) (2) (3) . Despite improvements in HLA typing and stem cell donor selection, graft-versus-host disease (GVHD) remains the major complication of allo-SCT, with incidence of acute GVHD (aGVHD) ranging from 30% to 80% and accounting for 15%-30% of mortality of transplant recipients (4, 5) . Grade III-IV aGVHD involving the lower gastrointestinal tract is the most common cause of morbidity and mortality from aGVHD. The administration of corticosteroids is the standard approach for the treatment of patients with grade II-IV aGVHD, with approximately 70% of patients treated responding (6) . However, the long-term survival of patients with corticosteroid-nonresponsive aGVHD involving the lower GI tract is dismal, with less than 20% of those patients alive 1 year after diagnosis (7) . Clearly, new forms of therapy are needed for the treatment of patients with corticosteroid-nonresponsive aGVHD of the lower GI tract.
Research over the past 40 years has primarily focused on the role of donor-derived T cells in the pathogenesis of aGVHD (8) . Work from both preclinical transplant models and clinical transplant studies has indicated a critical role for T cells, specifically Th1/Tc1 T cells, in the pathophysiology of aGVHD. Thus, treatment of aGVHD has almost entirely focused on targeting donor T cells. However, despite highly potent therapy targeting T cells such as alemtuzumab, outcome for patients with corticosteroid-nonresponsive aGVHD has not improved (7) . This has led to increasing interest in the role of other proinflammatory immune cells, such as macrophages, neutrophils, and B lymphocytes, in the pathophysiology of aGVHD, and the local function of antiinflammatory immune and non-immune cells (9, 10) .
A second group of immune cells that diminish the effector function of proinflammatory immune cells may be critical to the immune response during aGVHD. FoxP3-expressing Tregs limit the expansion and effector function of donor T cells. Infusion of donor Tregs has been shown to be an effective prophylactic approach for the prevention of aGVHD (11) . At this time, it is not clear whether the infusion of Tregs can effectively treat ongoing aGVHD. Our group has shown that IL-13-activated bone marrow myeloid-derived suppressor cells (MDSCs) used at the time of bone marrow transplant (BMT) in preclinical models inhibited GVHD lethality (12) . However, their ability to treat active aGVHD Acute graft-versus-host disease (aGVHD) is the most common complication for patients undergoing allogeneic stem cell transplantation. Despite extremely aggressive therapy targeting donor T cells, patients with grade III or greater aGVHD of the lower GI tract, who do not respond to therapy with corticosteroids, have a dismal prognosis. Thus, efforts to improve understanding of the function of local immune and non-immune cells in regulating the inflammatory process in the GI tract during aGVHD are needed. Here, we demonstrate, using murine models of allogeneic BMT, that type 2 innate lymphoid cells (ILC2s) in the lower GI tract are sensitive to conditioning therapy and show very limited ability to repopulate from donor bone marrow. Infusion of donor ILC2s was effective in reducing the lethality of aGVHD and in treating lower GI tract disease. ILC2 infusion was associated with reduced donor proinflammatory Th1 and Th17 cells, accumulation of donor myeloid-derived suppressor cells (MDSCs) mediated by ILC2 production of IL-13, improved GI tract barrier function, and a preserved graftversus-leukemia (GVL) response. Collectively, these findings suggest that infusion of donor ILC2s to restore gastrointestinal tract homeostasis may improve treatment of severe lower GI tract aGVHD. decreased numbers of circulating CD69 + ILC2s and ILC3s had an increased risk of aGVHD (22) .
We hypothesized that unlike ILC3s, there was a population of innate lymphoid cells that was sensitive to conditioning therapy. Here, we demonstrate that ILC2s in the GI tract but not in the lung are highly sensitive to conditioning therapy prior to allo-SCT and, more importantly, that there is a quite limited repopulation of ILC2s in the GI tract from donor bone marrow. Infusion of IL-33-activated donor ILC2s significantly reduced GI tract-associated aGVHD mortality, improving GVHD scores and associated weight loss in two separate murine models. Additionally, ILC2 treatment of recipients with established aGVHD significantly increased survival. Finally, we provide a previously unreported mechanism by which ILC2s recruit donor myeloid-derived suppressor cells (MDSCs) to the lower GI tract to mitigate aGVHD. These studies strongly suggest that expanded ILC2s may be a potent cellular therapy for the treatment of lower GI tract aGVHD.
Results
Type 2 innate lymphoid cells are radiation sensitive. To evaluate the effect of conditioning therapy on ILCs, we irradiated B6D2 mice is quite modest. Thus, despite intense research evaluating the function of immune cells that diminish effector T cell function, there is not a currently identified population of cells that has significant activity treating active aGVHD.
Over the past decade, a number of researchers have identified populations of innate immune cells (ILCs) critical for rapid mucosal immune responses (13, 14) . The initial ILC described 4 decades ago was the NK cell. Recently, multiple populations of ILCs that generate IFN-γ (ILC1), IL-5 and IL-13 (ILC2), and IL-17 and/or IL-22 (different subpopulations of ILC3s) have been described (15) . Like Th2 cells, ILC2s -previously termed nuocytes or innate helper type 2 cells -express GATA-3 and ID-2. They generate substantial type 2 cytokines. ILC2s, which respond to IL-25, are critical to the anti-helminth immune response and play an important role in allergen-induced inflammation (16) (17) (18) (19) (20) . The role of innate cells in the biology of aGVHD has been evaluated recently. Hanash et al. demonstrated that ILC3s in the GI tract were not sensitive to conditioning therapy but were decreased in mice with acute GVHD. The loss of ILC3s was associated with decreased generation of IL-22, impaired epithelial barrier function, and diminished numbers of intestinal stem cells (21) . In humans, patients with Thus, ILC2s in the GI tract, but not the lung, are sensitive to conditioning therapy and have extremely limited repopulation kinetics from donor bone marrow in the first 4 weeks after transplant.
Co-infusion of ILC2s reduces aGVHD and increases recipient survival.
To evaluate the function of ex vivo ILC2s in GVHD biology, we expanded murine ILC2s as previously described (24) and verified their phenotype by flow cytometry (Supplemental Figure  2 , A-C) and transcriptome analysis (Supplemental Figure 3 , A and B, and Supplemental Table 1 ). Next, we performed survival studies in a murine model of allo-SCT with co-infused ILC2s. Splenic donor C57BL/6 (B6) T cells with a 1:1 ratio of ILC2s (BM, T cells + WT ILC2) or without ILC2s (BM + T cells) were infused into lethally irradiated haploidentical recipients on day 0. Co-transplantation of a single dose of ILC2s significantly improved survival, with 70% of recipients surviving 60 days after transplant ( Figure 2A ). There was a significant reduction in both the clinical score and weight loss in mice receiving ILC2s (Figure 2 , B and C). On day 20, there was a decrease in pathology score in the colon and spleen ( Figure 2D) , with a nonsignificant decrease in the ileum and no difference in the lung and liver (Supplemental Figure  4A) . Using a 2:1 ratio of ILC2s to T cells, we repeated the survival studies in a B6-into-BALB/c transplant model. There was a sig-(see Methods) and quantitated GI tract ILCs. ILC3s in the lamina propria (LP) of the colon but not the mesenteric lymph node (MLN), isolated 24 hours after lethal irradiation, were relatively resistant to radiation ( Figure 1 , A and B) (13, 21, 23) . In contrast, CD4 + T cells in the LP and lung were radiation sensitive. Unlike ILC3s, ILC2s from the LP of the colon were highly sensitive to radiation ( Figure 1B ). Similar to ILC3s, ILC2s in the MLN and spleen were exquisitely sensitive to radiation ( Figure 1B and Supplemental Figure 1A ; supplemental material available online with this article; https://doi.org/10.1172/JCI91816DS1). Interestingly, lung ILC2s were relatively resistant to radiation therapy (Figure 1B) . We also examined the effects of chemotherapy on ILC2s and found that they were significantly reduced within 24 hours of cyclophosphamide treatment in the LP and MLN ( Figure 1C) .
Next, we evaluated the reconstitution of murine donor and recipient ILC2s 4 weeks after allo-SCT. Over this time period, there were extremely limited numbers of donor and/or recipient ILC2s in the LP of recipient mice that received irradiation and bone marrow without donor T cells, with a decrease in ILC2s in the LP at day 28 compared with day 1 ( Figure 1D ). By comparison, there were approximately 20-fold greater numbers of donor and/ or host ILC2s in the lung on day 28 after transplant ( Figure 1D ). large clusters of GFP + ILC2s in Peyer's patches (PPs) of the colon and small bowel ( Figure 3A) . Evaluation of GFP + ILC2s by flow cytometry confirmed that IL-33-activated cells had a surface phenotype similar to that of ex vivo expanded ILC2s ( Figure 3B ). Greater than 90% of donor GFP + ILCs in the GI tract expressed IL-13, while IL-5 expression varied, with more than 40% of ILC2s in the GI tract expressing IL-5 ( Figure 3C ). These findings indicate that ILC2s migrate to the GI tract, maintain their phenotype, and produce ILC2 signature cytokines.
Infused ILC2s reduce GI tract T cell burden and limit Th1 and Th17 induction. We evaluated the effect of the infusion of ILC2s on the generation of proinflammatory donor T cells in GVHD target organs. Co-infusion of ILC2s reduced the accumulation of donor T cells in PP, the colon, and small bowel, as determined by GFP intensity ( Figure 4A ). In addition, there was significantly less GFP in tissue homogenates ( Figure 4B ). To confirm these findings, we analyzed T cell infiltration into the lungs, liver, spleen, MLN, and colonic LP by flow cytometry ( Figure 4C ). Recipients of ILC2s had a reduction in donor lymphocytes in the LP of the colon ( Figure  4D) , with a significant reduction in donor CD8 + T cells ( Figure 4E ). There were significant reductions in the total number of LP CD4 ILC2 suppression of aGVHD is independent of increased Th2 differentiation. Conceivably, ILC2s could induce donor Th2 polarization, which would mitigate aGVHD (25) . To assess for Th2 cells after ILC2 infusion, we analyzed IL-4 production by donor T cells (Supplemental Figure 5E ). We did not observe an increase in IL-4-producing donor T cells in recipients of ILC2s in the colon (Supplemental Figure 5F ). To verify that the mechanisms behind ILC2 suppression of aGVHD are independent of the generation of Th2 cells, we performed survival studies using T cells from Stat6 ILC2 infusion enhances LP myeloid cells. We observed an increase in donor myeloid cells in the lower GI tract in recipients nificant improvement in survival ( Figure 2E ) and clinical GVHD score (Supplemental Figure 4B) .
Treatment of aGVHD with ILC2s. While the use of ILC2s to prevent aGVHD would be beneficial, clinically it would be more impactful to use these cells to treat active aGVHD. ILC2s were infused 7 days after transplant, a time when donor T cells have initiated inflammation in GVHD target organs. In B6D2 recipients, infusion of a single dose of ILC2s significantly improved survival compared with no treatment ( Figure 2F ). In addition, there was a significant reduction in clinical GVHD score in recipients of ILC2s on day 7 ( Figure 2G ). We repeated our day 7 treatment experiments in the complete major histocompatibility complex (MHC) mismatch model and found significantly improved survival with ILC2 infusion (Supplemental Figure 4C ). These findings indicate that a single infusion of ILC2s can significantly improve survival after the onset of GVHD.
ILC2s migrate to the GI tract and produce Th2-inducing cytokines. We were interested in determining whether ILC2s migrated to GVHD target organs after allo-SCT. For this, we infused B6-GFP + ILC2s into lethally irradiated B6D2 mice. While on day 12 after BMT only limited GFP signal was found in the LP, we observed sion of anti-Gr-1 mAb had no impact on the outcome of recipient mice receiving only donor bone marrow cells ( Figure 5C ). There was a similar loss of efficacy of ILC2 infusion after depletion of Ly-6C + cells (Supplemental Figure 6D) . Thus, the ability of ILC2s to prevent aGVHD is dependent on the presence of Gr-1 + cells.
IL-13 is required for ILC2-induced donor MDSC suppression of inflammatory T cells. Next, we performed survival studies to test the ability of Il13
-/-ILC2s to suppress aGVHD (12) . Compared with the infusion of BM + T cells alone, there was no significant improvement in median survival for mice receiving BM, T cells, and Il13 . We analyzed donor myeloid cells for expression of CD45, CD11b, Gr-1, Ly-6C, and Ly-6G, a phenotype that is consistent with MDSCs, which have been shown to suppress aGVHD ( Figure 5A ) (12, 27) . We found a significant increase in donor MDSCs in the LP of colon and small bowel in ILC2-treated recipient mice ( Figure 5B ). However, MDSCs were not increased in the lung or liver of recipients of ILC2s (Supplemental Figure 6C ). To test whether the function of ILC2s was dependent on MDSCs, we depleted myeloid cells using an anti-Gr-1 mAb in transplanted mice receiving either BM and T cells with or without donor ILC2s. Depletion of Gr-1 + cells reduced the median survival of control BM and T cell recipients from 25 to 20 days (Figure 2A compared with Figure 5C ). In contrast, depletion of Gr-1 + cells completely ablated the beneficial effect of ILC2s, with no difference being observed in survival between mice receiving donor T cells with anti-Gr-1 antibody and donor ILC2s with T cells plus anti-Gr-1 antibody ( Figure 5C ). The ability of anti-Gr-1 mAb to abrogate the beneficial effects of donor ILC2s was dependent on the ability of ILC2s to prevent aGVHD, as infu- enhance donor MDSCs in GVHD target organs ( Figure 6C and Supplemental Figure 6E ). These data indicate a critical role for IL-13 production by ILC2 cells to suppress donor T cell production of the proinflammatory cytokines IFN-γ and IL-17A. To evaluate how ILC2s impact the presence of MDSCs, we cocultured expanded ILC2s with BM-derived MDSCs (BM-MDSC) and quantified MDSCs 72 hours later. BM-MDSCs cultured with congenic ILC2s showed significantly enhanced survival compared with MDSCs cultured alone, MDSCs cultured in the presence of IL-13, and those cultured with IL-7 and IL-33 ( Figure 6D ). However there were a greater number of BM-MDSCs when cultured with wild type ILC2s than those cultured with IL-13-deficient ILC2s. To evaluate whether ILC2s and MDSCs require cell-to-cell contact, we cultured both populations in plates across a semipermeable membrane. Enhanced survival of MDSCs by ILC2s was abrogated in the absence of cell-to-cell contact ( Figure 6D ).
ILC2 infusions affect lower GI tract permeability. Previous investigators have demonstrated a critical role for ILC2s in the maintenance of epithelial integrity (13) . Six days after BMT, we found there was no difference in intestinal permeability when comparing non-irradiated age-matched mice with BMT recipients of BM only; BM and T cells; or BM + T cells + WT ILC2s ( Figure 7A ). On days 12 and 20 after transplant, recipients of donor T cells had significantly enhanced epithelial permeability compared with healthy B6D2 mice as well as recipients of BM only ( Figure 7 , B and C). ILC2-treated mice had significantly improved epithelial integrity compared with control mice and showed no statistical difference compared with untreated B6D2 or recipients of bone marrow alone (Figure 7 , B and C). ILC2 infusion is associated with improved intestinal barrier function in the setting of reduced lower GI tract aGVHD.
Activated ILC2s produce amphiregulin in response to IL-33 (Supplemental Table 1 ), which promotes wound healing and epithelial barrier repair (15) . We evaluated the ability of amphiregulin-deficient ILC2s (Areg -/-ILC2) to protect against aGVHD mortality. Infusion of Areg -/-ILC2 cells with donor T cells and BM led to diminished overall survival compared with recipients of WT ILC2 cells ( Figure 7D and Figure 2A) . However, the kinetics of the response differed from that found using Il13 -/-ILC2 cells, with mortality occurring later after transplant ( Figure 7D and Figure 6A) . The infusion of Areg -/-ILC2s failed to increase epithelial barrier integrity ( Figure 7E) . Thus, the generation of amphiregulin by ILC2s is critical to the maintenance of the epithelial barrier in the GI tract mediated in part by ILC2s.
ILC2 cells do not inhibit the graft-versus-leukemia response. The antitumor response mounted by donor T cells is key to the clinical efficacy of allo-SCT. We tested the graft-versus-leukemia (GVL) response by giving GFP-expressing blast crisis chronic myelogenous leukemia (BC-CML) tumor cells to allogeneic BMT recipients (28) . Recipients of donor T cells had significantly fewer tumor cells in the spleen compared with mice receiving T cell-depleted (TCD) bone marrow alone, and this effect was independent of the infusion of donor ILC2s ( Figure 8A) .
Comparison of ILC2 with other cell therapy treatments for GVHD. Multiple cell populations have been generated in an attempt to mitigate the incidence and/or severity of aGVHD. Two populations that have recently been evaluated by our group are natural Tregs and IL-13 MDSCs (12, 29) . To compare the function of ILC2s with these other immunosuppressive cell populations, we infused Tregs or ILC2s with donor T cells, TCD bone marrow, and luciferase-expressing P815 (luc-P815) tumor cells. Mice that received BM and luc-P815 without T cells showed extensive tumor growth in the spleen, MLN, and inguinal lymph nodes. Mice that received T cells efficiently eliminated tumor cells when ILC2s were given ( Figure 8A ). In agreement with a previous report (30) , infusion of a 1:1 ratio of Tregs to splenic T cells led to suppression of aGVHD, but with the loss of the graft-versus-tumor effect critical for allo-SCT ( Figure  8B ). When we evaluated a lower dose of Tregs (1:4 ratio), we found that the GVL response was preserved but that the majority of mice succumbed to GVHD ( Figure 8B Human ILC2 expansion. While these findings indicate a critical role for the administration of donor ILC2s to control lower GI tract GVHD, for clinical translation, we needed to expand human ILC2s (hILC2s) ex vivo. We isolated CD34
+ cord blood cells and cultured these cells with IL-33 and IL-2 with/without IL-25. Culture with IL-2/IL-33 alone led to 2.5-to 3-log expansion of cells; however, the addition of IL-25 allowed for the persistent expansion of cells through day 21. Within this bulk population, CRTH2 + CD161 + lineage-negative hILC2s were found ( Figure 8F and Supplemental Figure 6F ). Thus, human ILC2 cells can be expanded ex vivo from CD34
+ cord blood progenitors. -/-ILC2s (1:1), or MDSCs alone or with either IL-13 (80 ng/ml) or IL-7 and IL-33 (10 ng/ml each). BM-MDSC were cocultured with WT or Il13 -/-ILC2s (1:1) in Transwell assays, alone or in the presence of IL-13 only. Results represent 2 independent experiments; mean ± SEM. One-way ANOVA with Bonferroni's correction for multiple comparisons, *P < 0.05, ***P < 0.001.
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Number 5 May 2017 tion demonstrated poor recovery in patients with the common γ-chain deficiency or JAK3 mutation of ILCs, other than ILC1s, after stem cell transplantation. Interestingly, the impaired recovery of ILCs after stem cell transplantation was much greater in patients receiving non-myeloablative conditioning therapy. The impaired recovery of ILCs after transplant was not associated with an increased risk of infectious diseases, suggesting that ILCs may not be critical in the presence of T and B cells for the control of infectious pathogens (33) . Our findings suggest that ILCs may only be critical in specific uncommon settings, such as assisting in the control of the persistent inflammation in the GI tract during severe aGVHD. Thus, a substantial number of patients after allogeneic SCT may function normally in the absence of a sufficient number of ILC2s. A second hypothesis is that precursor ILC2s are present in the donor bone marrow population but that cellular plasticity and the significant proinflammatory environment after allogeneic BMT in the lower GI tract converts these precursor ILC2s to ILC1s and/or ILC3s (34) (35) (36) . Both of these mechanisms could contribute to the poor recovery of ILC2s in mice after allogeneic BMT. ILC2s have been found to impact the presence of alternatively activated macrophages (37) . To the best of our knowledge, our group is the first to demonstrate a role for ILC2s in the presence of MDSCs, which required ILC2 production of IL-13. Previous studies have shown that IL-13 is capable of activating MDSCs through activation of STAT1 and STAT6, and this leads to upregulation of arginase and INOS, which are critical to the immunosuppressive function of MDSCs (38, 39) . Stromal cell production of IL-13 has been demonstrated to be important in this process (40) . Here we
Discussion
Steroid-refractory aGVHD of the lower GI tract is the most common cause of morbidity and mortality in patients who develop aGVHD after stem cell transplantation. Here, we demonstrate that the administration of donor ILC2s at the time of allo-SCT and up to 1 week after transplant significantly improved survival and clinical GVHD scores. ILC2s did not abrogate the antitumor GVL response, which may not be surprising given their primary function in the lower GI tract, which is not the site of tumor growth in our models or for patients undergoing allo-SCT. Thus, ILC2 infusion provides, what we believe to be, a novel approach to therapy for lower GI tract GVHD.
One complication of allo-SCT is the incomplete reconstitution of immune cells from donor bone marrow. Some cell populations, such as B-1 lymphocytes, are generated preferentially from fetal liver and/or bone marrow and not adult bone marrow cells (31) . In contrast, ILC2s in the GI tract, which have been shown to derive from adult bone marrow precursors, have extremely slow reconstitution kinetics after BMT. We find significantly decreased numbers of both donor and host ILC2s, with a greater decrease on day 28 compared with day 1 after allo-SCT. These findings support clinical data regarding the paucity of circulating ILC2s 12 weeks after allogeneic stem cell transplantation (32) . There are at least two potential hypotheses for the impaired recovery of ILC2s from donor bone marrow after allogeneic BMT. First, despite their generation from bone marrow cells during development, precursor ILC2s may not be effectively generated from adult bone marrow precursor cells. In support of this hypothesis, a recent publica- In conclusion, we demonstrate that restoration of ILC2s can treat GI tract aGVHD; is dependent on the generation of IL-13 and amphiregulin by the ILC2s; and unlike Tregs does not impact the GVL response. These findings provide a strong preclinical rationale for testing the infusion of ILC2 cells to treat patients with steroid-nonresponsive lower GI tract GVHD.
Methods
Mice. B6, BALB/cJ, B6.129S2 Stat6 -/-(termed Stat6 -/-), and C57BL/6J × DBA/2 F 1 (termed B6D2) mice were purchased from The Jackson Laboratory. The generation of enhanced GFP-expressing C57BL/6 mice has been described previously (47) . C57BL/6 Il13-eGFP and C57BL/6 Areg -/-mice have been described previously (24, 48) . Donor and recipient mice were age-matched males between 8 and 16 weeks. RNA sequencing evaluations. RNA was extracted from cultured ILC2s using the RNEasy Mini Kit (QIAGEN), and mRNA sequencing (mRNAseq) libraries were prepared according to the TruSeq protocol (Illumina). For mRNA-seq, samples were processed as previously described by The Cancer Genome Atlas (49) . Bases and quality control assessment of sequencing were generated by CASAVA 1.8. QC-passed reads were aligned to the murine reference genome using MapSplice (50) . Aligned reads were sorted and indexed using SAMtools (http://www.htslib. org/), and then translated to transcriptome coordinates and filtered for large inserts and zero mapping quality using UBU v1.0 (https://github. com/mozack/ubu). For the reference transcriptome, UCSC murine knownGenes (51) was used, with genes located on nonstandard chromosomes removed. The abundance of transcripts was then estimated using an expectation-maximization algorithm implemented in the software package RSEM (52) v1.1.13. Estimated counts were normalized to the upper quartile (53) prior to comparison of expression across protodemonstrate that ILC2s can maintain the viability of MDSCs in vitro. This process requires IL-13 generated by ILC2s and cell-tocell contact between MDSCs and ILC2s. How this functions in vivo is a current focus of our research.
IL-33, which is critical for the generation of ILC2s, is a ligand for the IL-33 receptor also termed ST2. Previous work evaluating biomarkers as predictors of outcome for patients undergoing allogeneic stem cell transplantation has found that elevation of ST2 was associated with a lack of therapeutic response for GVHD on day 28 after transplant and increased mortality 6 months after transplantation (41) . In those evaluations, ST2 levels were greater for patients undergoing myeloablative compared with reduced-intensity conditioning regimens. These data were confirmed in a study of recipients of cord blood transplant (42) . We have shown that increased generation of IL-33 after transplantation is associated with increased severity of GVHD in murine models (43) , and our group and another have found that blocking the interaction of IL-33 with ST2 diminished aGVHD (44) . We hypothesize that the increased levels of ST2 after transplant are, in part, due to the loss of ILC2s in the GI tract that would respond to IL-33. Persistent inflammation in the GI tract would lead to increased production of soluble ST2, which would be greater after myeloablative conditioning therapy due to the greater loss of ILC2s from the increased dose of chemotherapy or irradiation. Our data would suggest that infusion of donor ILC2s, by markedly decreasing the accumulation of IFN-γ-and IL-17-producing T cells in the GI tract, diminishes this proinflammatory environment. We hypothesize that ST2 levels would significantly decrease after ILC2 infusion, which is currently being evaluated.
AREG is a member of the epithelial growth factor receptor family and plays a critical role in wound healing after injury (45) . Basophils, mast cells, CD4 + T cells, eosinophils, and dendritic cells in addition to ILC2s can generate AREG. In some specific instances, FoxP3 + Tregs that express ST2 can generate AREG (46) . Our data are consistent with a critical role for the production of AREG by ILC2s in their function to promote lower GI tract barrier function. However, we did not determine the relative contribution of ILC2s to the generation of AREG in the lower GI tract after transplant. Future work is required to determine whether AREG production by these other immune cells (and by non-immune cells) is critical to promoting GI tract epithelial integrity after the development of acute GVHD.
There are several additional questions that remain to be addressed from our findings. The mechanism underlying the tissue-specific effects of conditioning therapy on ILC2s found in the lung compared with those in the GI tract is not clear. This could be related to differences in the microbiota at each site. Alterations in the microbiome after conditioning therapy could activate ILC2s in the GI tract, leading to enhanced depletion of cycling ILC2s after conditioning therapy. Furthermore, there are clear differences in the supporting immune and nonimmune cells at each site that also could play a role in the cell cycle status of ILC2s in the lung compared with the GI tract. Finally, how ILC2s and ILC3s interact during aGVHD is not clear. As our hypothesis focused on the effects of conditioning therapy on regulatory immune populations in the GI tract, and since ILC3s in the GI tract are not depleted by conditioning therapy, we have not performed evaluations focusing on these cells. Fluorescence stereomicroscopy and GFP quantification. Organs from anesthetized animals were imaged with a Zeiss SteReo Lumar V12 microscope with GFP bandpass filter (Carl Zeiss MicroImaging Inc.) at room temperature. AxioVision (Carl Zeiss) software was used to determine GFP intensities. Control and treatment recipient organs were imaged using the identical magnification (mag) and exposure (exp) times on day +12: PP were imaged at exp 200 ms, mag ×40. Organs from recipient animals were homogenized, and absolute GFP levels were determined by ELISA (Cell Biolabs, AKR-121). No GFP was found in mice receiving sham treatment. Detailed experimental procedures were conducted as described previously (56) .
Cell isolation from GVHD target organs. Spleen, liver, lung, MLN, and colon were excised and weighed. LP lymphocytes were isolated using the Miltenyi LP dissociation kit (catalog 130-097-410) as per the manufacturer's instructions. Livers and lungs were digested in a solution of 1 mg/ml collagenase A (Roche) and 75 U DNase I (SigmaAldrich) in RPMI 1640/5% newborn calf serum. Digested tissues were treated with ACK lysis buffer to remove rbc and were passed through 100-μm-pore-size cell strainers. Leukocytes were collected at the interface of a 40%/80% Percoll (Sigma-Aldrich) gradient in RPMI 1640/5% newborn calf serum. The pelleted cells were washed in PBS/2% FBS. Spleens and MLN were teased apart, treated with ACK lysis buffer, and washed in PBS/2% FBS.
GVL analysis. BMTs were performed as described, and at the time of transplant B6D2 recipients were given 2. FITC-dextran permeability assay. Intestinal permeability was assessed by luminal enteral administration of FITC-dextran 4000 (Sigma-Aldrich), a non-metabolizable macromolecule that is used as a permeability probe. Mice were fasted for 4 hours prior to gavage with FITC-dextran (40 mg/100 g body weight). After 4 hours, whole blood was collected by cardiac puncture, and FITC-dextran measurements were performed in triplicate by fluorimeter using a PerkinElmer cols. Normalized counts were converted to expression rank values for comparison with microarray data. RNA-seq raw data files have been deposited in the NCBI's Gene Expression Omnibus (GEO GSE95811).
Comparison of ILC2 mRNA-seq with published microarray data. Murine ILC gene signatures and raw microarray data were extracted from Robinette et. al. and relevant NCBI GEO datasets (54) . Microarray data were processed in R (http://www.R-project.org, R Development Core Team, Vienna, Austria) to determine transcript relative expression values using the Robust Multichip Average algorithm implemented in the oligo package (55) . Transcript-level inference of relative expression was done by cross-referencing normalized probe signal values with the "mogene10sttranscriptcluster" database (Affymetrix). Normalized signal values were converted to expression rank values for comparison with mRNA-seq data. Spearman rank correlations between gene expression values of ILC-associated genes for measured ILC2s (n = 6) and published ILC1s (n = 2, 12 comparisons), ILC2s (n = 2, 12 comparisons), and ILC3s (n = 8, 48 comparisons) were calculated and used as a statistic. Significance between sample groups was evaluated using the Kruskal-Wallis test. Mean rank expression values for each gene from each published group were plotted against mean rank expression values in the cultured ILC2s. Significance was tested using the "cor.test" module in R (method = "spearman").
Transplantation models. Total T cells were isolated using a Cedarlane T cell recovery column kit (Cedarlane Laboratories), followed by antibody depletion using PE-conjugated anti-mouse B220 (RA3-B62) and anti-mouse CD25 (3C7) antibodies (eBioscience) and magnetic bead selection using anti-PE beads (130-0480801, Miltenyi Biotec). TCD bone marrow was prepared as described previously (56) . The day prior to transplantation, recipient mice received either 950 cGy (B6D2) or 800 cGy (BALB/c) of total body irradiation. For the B6, Il13 were monitored twice a week and scored for clinical GVHD symptoms (designated "clinical score") using a semiquantitative scoring system as previously described (57, 58) ; animals were coded for these evaluations. The sample size was chosen for the effect size needed based on our previous experience with sample sizes needed to demonstrate a significant difference in GVHD scoring between control and treated groups. Investigators were blinded to the clinical score and the pathological evaluations. For the scoring evaluation experiments, the inclusion of 9-12 recipients provided a power of 90% to detect a difference of 14 days in the median GVHD score of ≥5 with an α error of <0.05 between control and treated groups. For all experiments, a control group received TCD bone marrow alone without additional T cells, which controlled for the presence of T cells in the marrow inoculum and potential infectious complications during aplasia. MDSC depletion was performed by i.p. injecting recipients twice weekly starting on day 7 with 200 μg anti-Gr-1 antibody (RB6-8C5) or anti-Ly-6G antibody (Monts-1; BioXCell) until the termination of the experiment. Evaluation of radiation and chemotherapy sensitivity. B6D2 mice received 950 cGy total body irradiation or cyclophosphamide (200 mg/kg) (Santa Cruz Biotechnology Inc., sc-219703) by i.p. injection. Twenty-four hours or 28 days later cells were isolated from the LP, MLN, and spleen for evaluation by flow cytometry. Quantitation of /ml with 100 U/ml IL-2 , 50 ng/ml IL-25, and 50 ng/ml IL-33 (PeproTech), with RPMI containing 10% human antibody serum (Valley Biomedical) and 1% penicillin and streptomycin (Thermo Fisher Scientific). Cytokines were replenished every 3 days. On days 5, 10, 15, 20, and 25, cells were harvested, and flow cytometry was performed. Human ILC2s were characterized as CRTH2 + (BM16) CD161 + (HP-3G10) and T cell (OKT3), B cell (HIB19), monocyte (P67.6) lineagenegative cells. All antibodies were purchased from eBioscience. Statistics. Survival differences were evaluated using a Mantel-Cox log-rank test. Survival curves were generated using the Kaplan-Meier method. Differences in GVHD clinical and pathology scores were determined using 2-way ANOVA, with Bonferroni correction for repeated measures of multiple comparisons. Statistical analysis of RNA-seq data is described above. Unless otherwise noted in the figure legends, all other continuous variables were compared using 2-tailed Student's t test with Welch's correction. A P value of ≤0.05 was considered statistically significant.
Study approval. All experiments were performed in accordance with protocols approved by the University of North Carolina Institutional Animal Care and Use Committee (application number 14-001).
